Germ-line mutations in the BRCA1 gene predispose affected individuals to breast and ovarian cancer syndromes.
INTRODUCTION
The BRCA1 gene (MIM 113705) on chromosome 17q21.31 was identified on the basis of its linkage to early onset breast and breast -ovarian syndromes in women (1, 2) . The lifetime risk of breast and ovarian cancer among female BRCA1 mutation carriers is 82% and 54%, respectively (3) . The BRCA1 gene contains 24 exons (22 coding and 2 noncoding) and covers a span of 90 kb (4) . Its coding region comprises 5.6 kb and encodes a protein of 1863 amino acids. Exon 11, with 3427 bp, accounts for 61% of the CDS. The remaining exons are small, ranging from 37 to 311 bp. of stable heterodimers with BARD1 (reviewed in 6). The RING domain functions in vitro as an E3 ubiquitin ligase where it catalyzes the synthesis of monoubiquitin-and polyubiquitintargeted proteins. The activity is greatly increased when BRCA1 is in a complex with its N-terminal binding partner BARD1. In vivo, BRCA1 and BARD1 co-localize in a cellcycle-dependent manner and in response to DNA damage, suggesting a role for BRCA1 ubiquitin conjugation in DNA repair. The central RAD51 interaction domain is located at exon 11. It is involved in DNA repair and contains multiple protein-binding sites, including those for RAD51, the RAD50 complex and MSH2 (5) . The C-terminal region was identified in vitro as a transcriptional co-regulator with some specificity for p53 and STAT1 co-activation. The region contains two 90 amino acid sequence repeats called BRCT (BRCA1 C-terminal) (7) that have a weak similarity to other proteins involved in DNA repair, such as the yeast protein RAD9 and the mammalian protein XRCC1. This domain is particularly rich in protein-protein interaction sites (reviewed in 6), including binding domains for DNA helicase BACH1 (BRCA1-associated C-terminal helicase), which is involved in the repair of double-strand DNA breaks (8) .
The Breast Cancer Information Core (BIC; http://research. nhgri.nih.gov/projects/bic/) is a database of more than 8500 mutations-including polymorphisms and rare variantsscattered along BRCA1, but only some of them are known to affect BRCA1 function. The vast majority of the diseaseassociated mutations result in truncated reading frames. The mutations include large genomic deletions and duplications involving one or more BRCA1 exons (9, 10) caused mostly by recombination between Alu repeats, which are particularly numerous in BRCA1 (4). Nearly one-third of reported BRCA1 changes are missense mutations, and the functional consequence of most of them is uncertain. The reported diseaseassociated mutations are concentrated at the terminal RING and BRCT domains. Although those domains encompass only 13% of the entire protein, they house more than 90% of the missense changes known to be deleterious (11 -13) . It should be noted, however, that the sequence variants in the BIC database are based on voluntary submissions and do not represent an unbiased set of BRCA1 mutations.
Predictions regarding missense changes can be strengthened by comparative evolutionary analysis. Such analysis may be particularly helpful in the identification of lowpenetrance missense changes in functionally important regions. Phylogenetic approaches can also determine whether certain residues have evolved more rapidly than predicted by a neutral theory, reflecting the action of positive (diversifying) selection. So far, complete CDS of BRCA1 are available for only a few vertebrate species. A recent analysis of partial BRCA1 exon 11 sequences in various mammalian species allowed the prediction of several missense mutations that would be more likely to affect BRCA1 function (14, 15) . Comparison of exon 11 sequences in nonhuman primates also revealed that the RAD51 interaction domain experienced strong positive selection during human evolution (16) .
Here, we describe the isolation of genomic clones containing the entire BRCA1 gene from chimpanzee, gorilla, orangutan and rhesus macaque. Comparison of the homologues allowed us to follow evolutionary changes in coding and noncoding regions of the BRCA1 gene in primates and to extend the number of predicted amino acid changes that would affect gene function.
RESULTS

Genomic organization of the BRCA1 genes in primates
We isolated BRCA1 gene homologues from chimpanzee, gorilla, orangutan and rhesus macaque by transformationassociated recombination (TAR) cloning (Supplementary Material, Fig. S1 ) (17) . The targeting hooks were developed from a promoter sequence and the 3 0 -untranslated region of human BRCA1. The vector allowed us to isolate the entire BRCA1 gene as 95 kb genomic fragments. The yield of BRCA1-positive clones from the four primate DNAs was approximately the same as that from human DNA (1%). We isolated at least three independent genomic clones for each species. We converted one randomly chosen TAR clone from each species into a BAC and sequenced it with high accuracy using BAC DNA as a template.
The overall BRCA1 structure was conserved in all five primates ( Fig. 1) . A conserved promoter region containing CpG islands was followed by 24 exons with conserved exonintron boundaries. Multiple alignment of the genes revealed an unusually high proportion of insertions and deletions (indels) ( Table 1 ; Fig. 1B and G) . Pairwise identity in the aligned segments (with indels excluded) ranged from 93 to 99% for human-chimpanzee. The identity dropped to 72 -73% (between macaque and hominoids) when indels were included ( Table 1) . Many of the rearrangements were linked to the activity of Alu repeats (see later).
The promoter region and the 5 0 end of the human BRCA1 gene is duplicated 40 kb upstream, and homologous recombination in this segment occasionally causes deletion of the promoter region (18, 19) . We analyzed polymorphisms in human genomic clones containing the duplicated segments that were available in sequence databases for evidence of gene conversion (i.e. correspondence between the 5 0 BRCA1 pseudogene and the functional copy) between the segments, but did not detect any (data not shown). Nor did analysis of BIC mutations detect any hallmark of gene conversion (data not shown).
Alu repeats shape BRCA1 genes in primates
Most of the detected long indels appear to be associated with Alu sequences. Alu elements are 280 bp long, and in order to detect possible Alu-mediated rearrangements we concentrated on 45 indels !250 bp. The majority of the long rearrangements took place in the lineage leading to hominoid primates and in the macaque branch ( Fig. 1B ; Supplementary Material, Table S1 ). The ancestral orangutan -gorilla -chimpanzeehuman lineage (25 -14 million years ago-MYA; 20) accumulated nine Alu insertions (six from the AluY and three from the AluS subfamilies), resulting in a gain of 2755 bp (Alu insertions and duplications of the target sites). The same lineage exhibited two deletions not found in the rhesus macaque: one deletion (655 bp) was caused by homologous Alu -Alu recombination, the other (317 bp) probably by nonhomologous recombination. The lineage leading to rhesus macaque was particularly rich in indel variety. We detected two deletions caused by homologous Alu -Alu recombination and two caused by non-homologous recombination, leading to a total loss of 3647 bp in the primate consensus sequence. There were 23 macaque-specific Alu insertions (19 from AluY, three from AluS subfamilies and one short Alu fragment) that together with target-site duplication contributed 7547 bp. Indel variation, and especially Alu retrotranspositions, ceased in recent hominoid lineages (Fig. 1B) . After separation of the orangutan, there were three deletions in the lineage leading to human, chimpanzee and gorilla 20) ; one (671 bp) was caused by homologous Alu -Alu recombination and two (519 and 1279 bp) were probably caused by nonhomologous recombination. There was one 5353 bp deletion in chimpanzee caused by Alu -Alu recombination and one gorilla-specific AluYc1 insertion. There was also an orangutan-specific 280 bp deletion in the non-repetitive DNA. In addition, the last intron contained a cluster of Alu sequences that was unstable, because no sequence pairs share the same indel pattern. To summarize, all 33 insertions .250 bp were caused by Alu recombinations. Alu sequences also contributed significantly to long (.250 bp) deletions. Five deletions were caused by homologous Alu-Alu recombination and six by non-homologous recombination. Distribution of the long deletions along the BRCA1 genes was not random (Fig. 1B) ; large deletions were, as expected, found in the largest introns. Alu insertions were more dispersed. However, there appears to be a hotspot for retroposition, with eight independent Alu insertions at positions around 8-10.5 kb (intron 3). In conclusion, our analysis shows that Alus were the main force shaping primate BRCA1 genes.
Most Alu repeats involved in disease-associated genomic rearrangements are retained in non-human primates
The human BRCA1 gene contains 129 Alu elements, which is equivalent to 42% of the sequence or 1 per 0.7 kb (4; Figs 1F and 2 ). This high density of Alus appears to be the Table S2 ). Alu5 and Alu6 fused by homologous recombination in chimpanzee, Alu92 and Alu93 in macaque. Alu7 and Alu8 as well as Alu99 and Alu104 either were fused in rhesus macaque (probably by non-homologous recombination) or the original breakpoints were lost. AluSp and AluYd2 fused to form Alu31 in the common ancestor of hominoid primates after separation from macaque. AluSz and AluS elements fused to Alu57 by homologous recombination in the common ancestor of African hominoid after separation of orangutan. AluSx-AluSg fused by homologous recombination to Alu109, which is found in African hominoids. Alu121 is a product of AluY, and AluSx formed by homologous recombination in the ancestor of hominoids. Alu128 and Alu129 contain several independent indels in different species. Seven elements represent new insertions in the hominoid lineage (Alu4, Alu10, Alu11, Alu21, Alu29, Alu35 and Alu86). Fig. 2 ). We found these high-risk elements to be remarkably stable in hominoid primates, having been conserved in chimpanzee, gorilla, orangutan and rhesus macaque. Whereas in rhesus macaque a high-risk Alu92 fused with Alu93, and a high-risk Alu99 fused with Alu104 deleting another high-risk Alu101 and an Alu102 element, there was no loss of 'dangerous' Alus in the hominoid primates. Only one of seven Alu insertions in the hominoid lineage, Alu10, was linked with the disease-associated rearrangements. Alu10 inserted after macaque separated from the other lineages and was involved in a deletion in the BRCA1 promoter region that resulted from its recombination with an upstream Alu repeat (28) .
Structure and evolution of the BRCA1 CDS and protein
We analyzed the BRCA1 CDS from five primate species (Fig. 3) . All of them encode proteins that comprise 1863 amino acids. The rhesus macaque protein has an in-frame 3 bp deletion in exon 11 that resulted in the loss of serine 287 and one 3 bp insertion in exon 11 that inserted isoleucine 1020. Many of the base substitutions in primate homologues (70/300 or 23% of all variable positions) involved CpG. Table 2 shows pairwise identities in the BRCA1 CDS. As expected, coding regions tend to be conserved more than full-length genes with promoters and introns. For proteins (Table 3) , human -chimpanzee identity was 98.22% and human -gorilla identity was 98.01%. The greatest identity (98.65%) was found for gorilla and chimpanzee. At the same time, primate BRCA1s are relatively distinct from the mammalian examples shown in Table 3 , and the chicken protein shows so little similarity to the mammalian protein that in many places we could not align the two.
DNA and protein conservation profiles fluctuate significantly along the sequence lengths (Fig. 3F ). The terminal RING and BRCT domains are the most conserved, and the central parts are variable. We detected a similar pattern of conservation when we compared the human BRCA1 protein with the canine, rat, murine and chicken orthologues (29 -31; Supplementary Material, Figs S2 and S3).
Analysis of substitutions in individual primate branches revealed an increased non-synonymous/synonymous ratio (v ¼ K a /K s ) in the human and chimpanzee lineages (Fig. 4) , indicating positive selection (adaptive evolution). Positive selection was particularly strong in exon 11, as has been previously shown (16, 32) , but it was also detectable in exons 12-16 ( Fig. 3D ). This segment contains three humanspecific non-synonymous substitutions (one non-conservative) and no synonymous ones. The chimpanzee branch exhibits conservative replacement of two residues in the same region. In both terminal lineages, non-conservative amino acid changes appear primarily in the first half of the BRCA1 protein ( Fig. 3D , red bars), whereas conservative changes appear primarily in the second half. Terminal segments, on the other hand, have been under conservative negative selection ( Fig. 3D -F) . Indeed, both DNA and protein sequences conservation are significantly negatively correlated with the v ratio, the correlation is 20.399 in the case of DNA identity (P ¼ 0.040; Spearman's rank coefficient) and 20.663 (P , 0.001) for protein identity (Supplementary Material, Table S3 ). The non-synonymous rate significantly varies along the CDS, however, detailed analysis of the codon adaptation index (CAI) rules out the possibility that this variation is driven by selection on optimal codon usage ( Fig. 3E ; Supplementary Material, Table S3 ).
Conservation of specific structures in the RING and BRCT domains and sites of phosphorylation
The majority of the known cancer-causing BRCA1 missense mutations are localized in the RING finger and BRCT domains (33 and references therein). Using the available crystal structure of the domains (12,34), we compared primate BRCA1 with known BRCA1 proteins to investigate in detail the interspecies conservation within the RING and BRCT domains.
The RING domain found in various proteins is characterized by a conserved pattern of eight cysteine and histidine residues forming a pair of Zn 2þ -binding sites (I and II). The BRCA1 RING domain is, as expected, strongly conserved within those sites (Fig. 5 ). In addition, the regions close to the active sites-the central a-helix, a b-strand and adjacent segments-are strictly conserved, not only among the analyzed primates but also in xenopus, chicken, dog, mouse and rat. In primates, the few replacements observed were limited mostly to the long N-and C-terminal a-helices. Surprisingly, in vitro mutations in the site II domain do not disrupt the conformation needed for its proper dimerization with its hererodimeric partner BARD1, suggesting that the main function of the conserved residues near sites I and II is interaction with other proteins, such as the ubiquitin conjugation enzymes (35) .
The C-terminus of BRCA1 has a more complex structure, consisting of two BRCT repeats connected by a 23 amino acid linker (7,34; Fig. 6 ). The peripheral regions harbor the majority of variable sites in the N-terminal repeat. The inner region consists of three highly conserved structural motifs-sheets b3-4 and helix a2. The linker region is variable except for the alpha helix aL. The C-terminal repeats are relatively more flexible, but sheet b2 0 and some neighboring residues are highly conserved. Interestingly, the above-mentioned conserved region overlaps the BACH1 helicase interaction regions (36) . The majority of replacements occurred between mammal and other vertebrates; changes were nearly absent in primates. Gaps were not allowed except at the C-end of the linker and the most C-terminal part of the BRCA1 proteins (Fig. 6) .
The two BRCT repeats in BRCA1 interact through three a-helices-a2 from the N-terminus and a1 0 and a3 0 from the C-terminal repeat. Similar tandem BRCT repeats are common in other proteins, such as 53PB1, RAD9, RAD4 and DNA ligase IV (34) . The sequence alignment between the proteins shows conservation of a1 0 and a3 0 helices We derived the expected ancestor CDS using maximum-likelihood codon reconstruction implemented in PAML. Non-synonymous/synonymous (v ¼ K a /K s ) ratios were free to vary in all branches. Positions marked in green correspond to synonymous changes in a given lineage. Bars representing non-synonymous change are black if conservative and red if non-conservative. We defined conservative amino acid replacements as those with P . 0.5 on the basis of the Gonnod PAM250 substitution matrix (63) . (E) Comparison of v, K a and K s rates with the codon adaptation index (CAI). K a (red) and K s (green) values and the v ratio (blue) are for all branches (fixed v ratio), CAI is the average for all five primates (note that CAI differences between the species are small). The blue horizontal line corresponds to v ¼ 1. We set the window to 300 bp (100 amino acids) with a 30 bp (10 amino acids) step. 
BRCA1 is phosphorylated at multiple sites, mainly on serine and to a lesser extent on tyrosine residues (37). Several phosphorylation sites, modified by at least three different kinases have been identified so far in human BRCA1 (Fig. 3G, bottom) . All these positions are invariant in primates. Serine 988, 1280, 1387, 1457 and 1524 and tyrosine 1394 are invariant in canine, rat and mouse. Serine 1143 is replaced by phenylalanine in rat and mouse; serine 1423 is replaced by asparagine in mouse. On the other hand, 57% (128/224) of serine residues as well as 74% (23/31) of tyrosine residues were variable in mammals.
Human mutations and sequence conservation
We used the April 2004 version of the BIC database to collect BRCA1 mutations. The set included 8588 mutations scattered over 1090 mostly exonic nucleotide positions (885 protein positions); 32% were missense, 54% were frameshift and 12% were nonsense mutations; other categories, such as synonymous mutations, splice variants or large indels, were less frequent. Out of 1246 distinct (non-redundant) protein mutations, 38% (473) were missense, 40% (502) frameshift and 14% (176) nonsense. To reduce the bias caused by a high proportion of founder mutations in the BIC, in the following parts we concentrated mostly on non-redundant sites with known mutations rather than on total number of mutations.
We investigated whether CpG-induced changes were overrepresented in the BIC mutation database. The human BRCA1 CDS contains 43 CpG dinucleotides (86 bp). We found 54 non-redundant DNA mutations within the CpGs (62.8% of CpG positions; Fig. 3C ). The BRCA1 CDS has 5503 nonCpG positions (5598 -86 CpG sites) that have mutated in 1016 different places (18.5% of positions). Thus, the mutation frequency at CpG positions is greatly increased (P , 0.0001; chi-square test). Most of the mutations were missense mutations (46 mutations in 86 CpG sites, 411 mutations in 5503 non-CpG sites; P , 0.0001; chi-square test). In addition, comparison of the total (redundant) number of mutations revealed a significant bias towards CpGs sites (data not shown). Although the observed frequencies of CpG mutations could be influenced by biased submission into the BIC, our results indicate that the CpG dinucleotides present an increased risk of mutation, confirming the preliminary results obtained by Rodenhiser et al. (38) , who analyzed the relatively small number of mutations available in the BIC at that time. Figure 7C shows that the density of sites harboring at least one mutation as well as the distribution number of mutations are non-random, and there are two peaks in the N-and Cterminal domains. A separate analysis of missense, nonsense and frameshift mutation sites (Fig. 7D) revealed that the pattern is the strongest for missense mutations, and the density of positions with missense mutations was quite similar to the conservation profiles in Figure 3F ; Supplementary Material, Figures S2 and S3 . A correlation analysis (Supplementary Material , Table S4 ) showed that the density of missense sites correlates positively with DNA identity in primates and protein conservation in both primates and mammals. The obvious interpretation is that most mutations are not tolerated in high conservation areas and thus their abundance in the database reflects a detection bias for deleterious replacements. Indeed, BIC missense mutations tend to be non-conserved in the conserved regions compared with the flexible regions ( Fig. 7E ; Supplementary Material, Table S4 ), strongly supporting detection bias.
The distribution of frameshift and nonsense mutations, on the other hand, is independent of sequence conservation ( Fig. 7D ; Supplementary Material, Table S4 ). Therefore, it seems that frameshift and nonsense mutations have a similar phenotype. Presumably, the nonsense-mediated mRNA decay pathway (39, 40) prevents the production of such truncated proteins. A disproportionate representation of founder mutations (such as those found in Ashkenazi Jewish individuals) in the BIC was partially eliminated by our focus on mutation sites and not on the actual number of mutations. Although some BIC bias may affect our results on frameshift and nonsense mutations, it is unlikely that it would strongly affect our conclusions on the distribution of missense mutations, because a typical (random-like) noise should decrease, not increase, the statistical significance of the results.
Prediction of deleterious missense mutations
We applied two related computer-based methods for prediction of deleterious missense mutations: (i) predictions using the SIFT program (41), and (ii) the ancestral sequence (AS) method (14) . Both methods use evolutionary conservation of the BRCA1 protein to predict deleterious changes. Only highly variable positions are expected to tolerate non-conservative mutations (as estimated by a protein substitution matrix), whereas conserved positions are expected to tolerate only replacements that have similar physicochemical properties (conservative changes). The primate alignment contains a small number of replacements and thus cannot be used efficiently to distinguish polymorphic changes. Including chicken BRCA1 in the comparison, on the other hand, lowers alignment quality in many places and is likely to produce a misleading conservation profile and thus bias the statistics. The mammalian alignment seems to provide the best balance, and indeed, its predictive value was clearly superior (Supplementary Material, Table S4 ). We therefore used five Table S5 ). In addition, using SIFT, we obtained a complete matrix of all possible replacements (even unreported ones) in the BRCA1 protein and an estimate of their deleterious effect (Supplementary Material, Table S6 ). Tables 4 and 5 summarize the results. The proportion of BIC missense mutations predicted to be tolerated was about 38% by the SIFT method and 45% by the AS method. The other mutations would be expected to affect protein function and therefore predispose to breast and ovarian cancers. Both methods correctly predicted that a very small fraction of replacements would be tolerated in the area coding the conserved terminal RING and BRCT domains. It has been estimated that ,10% of missense mutations are tolerated in these segments (11 -13); our analysis predicted 2 -15%. The predicted deleterious mutations listed in Supplementary Material, Table S5 would be a good set for correlations of phenotype with missense mutations in breast -ovarian cancer families and for studying the effects of the mutations on BRCA1 structure and function.
DISCUSSION
This work represents the first systematic study of evolutionary changes in the entire BRCA1 locus in non-human primates. Our comparative analysis of BRCA1 genes was simplified by the use of TAR cloning, a technique that allows the direct isolation of gene homologues (17, 42) . Using this cloning strategy, we isolated the genomic BRCA1 clones containing 5 0 , 3 0 and all intron sequences from chimpanzee, gorilla, orangutan and rhesus macaque. This allowed us to develop sequence data that are either not present in the sequence databases or present as poor quality draft sequences.
Interspecies comparisons revealed the existence of an unexpectedly high number of indels. The proportion of BRCA1 indels was approximately three times higher than previously observed for full-length ASPM genes from the same primates (42) . Most long indels were associated with Alu sequences. The majority of Alu insertions took place in the ancestral lineage leading to hominoid primates after the split of Hominidae (25 -14 MYA) and the rhesus macaque branch; more recent hominoid lineages acquired mostly deletions. As no significant rearrangements involving other repetitive sequences were observed, we concluded that Alu repeats were the main contributors to evolution of the BRCA1 non-CDS, and that the BRCA1 gene represents a genomic hotspot for both retroposition and recombination of Alu repeats.
Our analysis of BRCA1 gene homologues revealed that most Alu elements involved in genomic rearrangements in humans are retained in non-human primates. The fact that the highrisk repeats were not eliminated by selection during primate evolution suggests a role in gene expression. Alternatively, ineffective selection against late-onset diseases may explain the tolerance of many dangerous Alu repeats in ancestral lineages.
Recombination between Alu repeats is an important contributor to genetic disorders (reviewed in 43). Genomic rearrangements may account for up to 30% of all BRCA1 mutations identified in breast cancer families (9, 10, (21) (22) (23) (24) (25) (26) (27) . Given the high frequency of germ-line Alu-mediated BRCA1 rearrangements, it would not be surprising if Alus also contribute to at least some cases of sporadic breast and ovarian cancers by stimulating somatic recombinations, as has been recently suggested (44) .
Using partial BRCA1 CDS derived from exon 11, Huttley et al. (16) showed that the RAD51-interacting domain evolved under positive selection in human and chimpanzee. Comparison of primate BRCA1 proteins has shown that the positive selection was not restricted to the RAD51-interacting domain but extended to most of the protein sequence, including the part encoded in exons 12 -16. The terminal parts of BRCA1 encoding the RING and BRCT domains experienced strong conservation both in human and non-human primate lineages as was previously reported for other vertebrates (29 -31) . Such a mosaic of positive and negative selection has been previously described for other proteins (42, 45, 46) .
Our analysis revealed that the most conserved sequences form specific tertiary structures. In the RING domain, the most conserved residues were closely packed around the Zn 2þ -binding sites. We speculate that these Zn 2þ -binding sites interact with ubiquitin conjugation enzymes (35) . Surprisingly, the most conserved part of the BRCT domain is not at an interface where the two BRCT repeats interact, but is found mostly around the inner part of the N-terminal repeat. It co-localizes with the critical residues for BRCA1 -BACH1 interaction (36) . BACH1 functions with BRCA1 as a mediator of double-strand break repair, and deleterious BACH1 mutations seem to predispose affected individuals to earlyonset breast cancer (8, 47) . On the basis of interspecies BRCA1 comparisons, the majority, if not all, of the mutations in the RING Zn 2þ -binding region and in the most conserved regions of the BRCT domain represent a group of mutations that strongly predispose to breast and ovarian cancers. Similarly, the strong conservation of certain phosphorylation sites indicates a critical role for them in protein function and therefore suggests that altered residues may result in cancer predisposition.
Amino acid substitutions resulting from nonsense, missense and frameshift mutations in the BIC database for BRCA1 were unevenly distributed along the protein. Although the frameshift and nonsense mutants did not exhibit any specific clustering, the frequency of missense mutants correlated positively with BRCA1 conservation. This strongly suggests that the clustering of missense mutants within conservative regions is driven by different phenotypic manifestations in the conserved and variable regions, and therefore by a detection bias for deleterious mutations.
Most of the 473 independent missense mutations reported in the BIC prior to April 2004 play an unknown role in breast cancer susceptibility. The effect of the mutations has been difficult to characterize because the function of some regions of the BRCA1 protein is poorly understood. Recently, interspecies comparisons have been made in an attempt to predict the role of missense changes in breast cancer susceptibility (14, 15) . By aligning exon 11 sequences from 57 eutherian and 8 marsupial mammals and categorizing amino acid sites by the degree of conservation, investigators identified 21 missense mutations that are likely to influence gene function and thereby contribute to cancer susceptibility. In our work, we applied a similar approach to analyze complete sequences of eight BRCA1 homologues. Our prediction yielded 55-62% deleterious missense mutations in the BIC, including those identified previously (14, 15) .
Our analysis is likely to overpredict deleterious mutations owing to the small number of sequences we used for comparison. At the same time, the use of BRCA1 sequences from more distant species might disguise some deleterious mutations as a result of fixation of mutations that are deleterious in humans (48) . These cases can be explained either by compensatory effects of other mutations or by relaxed selection of lateonset phenotypes in the distantly related species (49, 50) . Therefore, adding the BRCA1 protein sequences from other primate species to the analysis may produce better estimates of mutation effects. While we will sequence other primate genes in future work, the predicted deleterious missense mutations in Supplementary Material (Tables S5 and S6 ) may be helpful for further detailed analyses of phenotypic correlation of missense mutations in breast -ovarian cancer families.
In conclusion, comparison of primate BRCA1 gene homologues allowed us to reconstruct an evolutionary history of the entire BRCA1 locus. The impact of Alu repeats, CpG dinucleotides and a mixture of positive selection and conservation of the CDS were the main factors that shaped BRCA1 evolution in primates. Interspecies sequence comparisons also provided a basis for the identification of conservative amino acid residues in BRCA1 and for the prediction of missense changes that compromise BRCA1 function. Missense mutations that confer the highest predisposition to breast and ovarian cancers are located in the evolutionarily conserved regions, phosphorylated residues and especially in specific protein-binding domains. Genomic clones of BRCA1 homologues with regulatory elements may also be used for comparative gene expression studies to identify the role of intron regions in gene regulation.
MATERIALS AND METHODS
TAR cloning of BRCA1 gene homologues by in vivo recombination in yeast
To isolate the full BRCA1 gene from the chimpanzee (Pan troglodytes), gorilla (Gorilla gorilla ), orangutan (Pongo pygmaeus ) and rhesus macaque (Macaca mulatta ) genomes, we used TAR vector pVC-BC1 containing 5 0 and 3 0 targeting sequences (hooks) of the human BRCA1 gene (51). The 5 0 targeting sequence of 769 bp corresponds to positions 2147 -2915 in the genomic sequence L78833 (GI: 1698398) and the 3 0 targeting sequence of 325 bp corresponds to positions 82 936 -83 260 in the genomic sequence L78833 (GI: 1698398). We PCR-amplified the 5 0 BRCA1 sequence from genomic DNA using the primer pair BC1 (5 0 -CTCGAGG TCACTAAAACGAT-3 0 ) and BC2 (5 0 -GAATTCCAGCATG CGTTGCGG-3 0 ). We PCR-amplified the 3 0 BRCA1 sequence from genomic DNA using the primer pair BC3 (5 0 -GAATT CCAATTGGGCAGATGTGT-3 0 ) and BC4 (5 0 -GGATCCAA GGGAGACTTCAAG-3 0 ). We cloned the PCR products into a polylinker of a basic TAR vector as Xho I-EcoRI and Figure 4 . Phylogenetic tree and K a /K a ratio for BRCA1 proteins. For codons, we computed the phylogenetic tree and v (K a /K a ) ratios using the maximumlikelihood method implemented in PAML. The v ratio was set free to vary in all branches. Branch labels mark the v ratios for corresponding branches. We tested several hypotheses using likelihood ratio tests (69) . The v rate is designated as v ÃÃ , indicates P , 1%, x 2 1 ¼ 6.63. In addition to testing the different v in the human and chimpanzee lineages, we tested the hypotheses that (i) both the chimpanzee and human lineages evolved at a constant rate that differed from that of the rest of the tree (significant at P , 1%; boxed) and (ii) the human branch evolved at a v rate significantly .1 (not significant; boxed).
Human Molecular
EcoRI -BamHI fragments. Before performing the transformation experiments, we linearized the TAR cloning vector with Eco RI to release targeting hooks. We prepared genomic DNA samples from chimpanzee, gorilla, orangutan and rhesus macaque fibroblast culture cell lines (Coriell Institute for Medical Research) on agarose plugs. For transformations, we used the highly transformable Saccharomyces cerevisiae strain VL6 -48 (MATa, his3 -D200, trp1 -D1, ura3 -52, lys2, ade2 -101, met14 ), which has HIS3 deleted (52) . Spheroplast transformation experiments were carried out as previously described (52) . The yield of transformants per mg vector, 2 mg genomic DNA, and 5 Â 10 8 spheroplasts was 3 -10 colonies. We obtained approximately 300 His þ transformants for each species. To identify clones positive for BRCA1, we examined yeast transformants by PCR using diagnostic primers 11F (5 0 -CTCAGTTCAGAGGCAACGAA-3 0 ) and 11R (5 0 -GGAGCCCACTTCATTAGTAC-3 0 ) specific for BRCA1 exon 11. These primers amplify a 302 bp sequence by PCR. We isolated yeast genomic DNA from individual transformants or pools and PCR-amplified them as previously described (52) . The yield of BRCA1-positive clones from human, chimpanzee, gorilla, orangutan and rhesus macaque genomic DNAs was 1%. To confirm that the copies were complete, we PCR-analyzed three independent TAR YAC isolates for each species using a set of primers specific for each of the 24 exons (1). We obtained the same size PCR products for each species isolate with each primer pair. Finally, we examined Alu profiles of the YACs after TaqI digestion and found that they were indistinguishable (data not shown). From these studies we concluded that we had isolated non-arranged (12, 35) . We show both the BRCA1 RING domain (various colors) and the interacting BARD1 domain (gray). Background is orange for the BRCA1 strand and blue for the RING domain. Sites I and II mark the pairs of Zn 2þ ligand domains defining the RING domain. The RING domain is composed of one (central) a-helix, one b-sheet (previously described as two independent N-terminal and central sheets) (12, 35) and variable regions without a clearly defined secondary structure. Coordinates were extracted from the pdb file 1MJ7 (12, 35) . We compared variable positions in vertebrate (primates plus mouse, rat, dog, chicken and xenopus) protein alignments. Positions with conservative changes (P . genomic copies of all the BRCA1 gene homologues. We retrofitted the individual BRCA1 YACs corresponding to each species into BACs by homologous recombination in yeast using BAC/Neo R retrofitting vector BRV1 and used them to transform a recA DH10B Escherichia coli strain (52) . Before sequencing, we confirmed the integrity of the inserts in BACs by Not I, HindIII, EcoRI and PstI digestion. Chimpanzee, gorilla, orangutan and rhesus macaque TAR clones containing full-size BRCA1 genes were directly sequenced from BAC DNAs (53) . Identical Alu-profiles of independent TAR isolates were considered as a conformation of indels. In addition, some indels were confirmed by PCR amplification from genomic DNAs (data not shown). All sequences were named and numbered according to the clone/ accession identifier. Sequences were deposited into GenBank under accessions AY365046, AY589040, AY589041 and AY589042.
Sequence analysis
We aligned genomic sequences using MAVID (54; http://baboon. math.berkeley.edu/mavid/) and proteins and protein-coding DNA sequences using Dialign2. The interval value is 0-100 and is equivalent to % mutation sites per window. (D) Distribution of three main mutation types along the human protein sequence. The plot uses 100 amino acids overlapping windows and 10 amino acids steps. Values in the three plots correspond to the percentage of sites with particular mutations per window. (E) Proportion of tolerated missense mutations from the BIC database compared with the proportion of conservative substitutions in the mammalian alignment. We estimated the effect of missense mutations using the SIFT program and an alignment of primate proteins with mouse, rat and canine orthologues (eight sequences). Any mutation with a SIFT score ,0.05 was considered as changing protein function and all others as preserving protein function and therefore tolerated. We calculated the proportion of conservative substitutions in the mammalian alignment from all non-redundant missense changes in a given segment. Both profiles were obtained using 100 amino acids overlapping windows and 10 amino acids steps.
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Human Molecular Genetics, 2004, Vol. 13, No. 22 from dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). To avoid possible paralogous sequence variants from the 5 0 segmental duplication, we extracted all chromosome 17 SNPs and localized them on chromosome 17 using local BLAT (61) searches; only SNPs with best hits within the BRCA1 gene were considered.
We used SNAP (http://www.hiv.lanl.gov/content/hiv-db/ SNAP/WEBSNAP/SNAP.html) to detect synonymous and nonsynonymous substitutions (62) . Gonnet PAM250 matrix (63) was applied to classify substitutions and human mutations as conservative or non-conservative. We considered changes as conservative if the score was .0.5 (14) . Human BRCA1 mutations were downloaded from the BIC (64). We used SIFT (41; http:// blocks.fhcrc.org/sift/SIFT.html) to predict deleterious missense mutations. Protein structures were visualized in PyMOL (DeLano Scientific, San Carlos, CA; http://www.pymol.org).
We applied the codon maximum-likelihood method in codeml in PAML v. 3.13 (65; http://abacus.gene.ucl.ac.uk/ software/paml.html) for reconstruction of phylogenetic trees, ancestral sequences and detection of positive selection. Branch lengths and ancestral sequences were reconstructed using a free ratio model for individual branches. Phylogenetic trees were drawn in TREEVIEW (66) . We performed predictions of deleterious missense mutations by SIFT (41) using mammalian protein alignment (primates plus canine, rat and mouse). We considered SIFT scores 0.05 deleterious (for individual mutations see Supplementary Material, Table S5 ). We show global statistics for the complete human protein, terminal domains containing RING and BRCT motifs and comparisons with the segment analyzed by Fleming et al. (14) as well as the complete protein without the segment. Note that exon 11 encodes amino acids 223-1365, whereas Fleming et al. used amino acids 282-1103. We performed predictions of deleterious missense mutations by the ancestral sequence (AS) method (14) using mammalian protein alignment (primates plus canine, rat and mouse). We considered as deleterious all replacements in invariant positions and non-conservative replacements in conservative positions (for individual mutations, see Supplementary Material, Table S5 ). We show global statistics for the complete human protein, terminal domains containing RING and BRCT motifs, and comparisons with the segment analyzed by Fleming et al. (14) and the complete protein without this segment. Note that exon 11 encodes amino acids 223-1365, whereas Fleming et al. used amino acids 282-1103.
